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ABSTRACT 

m « 

> • ■ 

■ , ■ . . • . • . 

A re-bar (reinforciiig rod) for concrete comprises an inner rod of a first material, aiid • 
an over-wrap of.a second material The over-map is structurally of fimctional^ 
discontinuous relative to the inner rod. In another aspect, the present mventicn relates to a 
rdnforcing rod comprising a composite of at least two materials, at least one of which is 
present in structurally ;discontinuous lengths. The compoate comprises a polymer matrix 
having ismbedded therein structurally discrete meso-rods.of length with radius ultimate 
and trasile strength the fiictional shear stress between a meso-rod and the polymer matrix 
bdng represented by r^, whmm 

c r 
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HJGH DUCTiLITY^ SHEAR-CONTROLLED RODS JFOR CONCRETE 

REINFORCEMENT 

The present invention relates to tlie field of concrete reinforcemenl; aiid in particular 
provides pseudo-ductile polymer-based (monolithic pptymer or Fibre Reinforced Polymer, 
* FRP) re^ar rods of several novel designs. Eadi utilizes controlled and predictable interfacial 
friction during tbB rdative slidii^ of elements of the re4>ar as a means to mduce pseudo- 
ductile behaviour in the re-bar. 

« 

Traditionally, the material of choice to reinforce concrete has been steel, in the form 
of rigid re4)ar rods, flexible grids, wire^ or pre- or post-tensioned wires and cables. 

Steel rdnforced concrete is a composite material that combines the positive attributes 

of both constituents, steel and conoete, and results in a composite that is superior to both. 

Concrete is an anisotropic material that ha3 the quality of low cost (production and 

transportation cost) and a very high compressive load carrying capadty. Its ultimate 

Gomprestive str^igth ranges between 40 MPa for general use concrete to about 90 MPa fbr 

high strength, concrete. Under controlled lab environments even higher strength may be 

achieved. The major drawback of concrete is its very low tensile load carrying capacity. The 

tendle length of concrete is only about 109^ of its compi^ive strength. In ordisr to 
* • 

count^:act this drawbadk, steel relnfordbqg members capable of carrying high tensile loads, 
generally in the form of re-bar rods, are inserted along the tension side of a concrete member.' 
In order to increase the bond strength between thfe steel rods and the concrete, the rods are 
manufactured with a high sur&ce roughness, the most conmion b&n^ in the form of spaced 
rings or spiralUng protrusicms along thw length. 

The tensile Strength ^eld) of steel is about 10 times that of concrete (ultimate 
strength). As a result the amount of steel reinforcement reqidred along the tension side of 
concrete members is not great, and the co^ of that reinforcement is an insignificant fraction 
of th@ total cost of a projed:. §ted*s mo^ importsmt chs^mctiaristic w u r^nfbro^mit^ mstori^ 
is iti purely plastic behaviour beyond th@ yidd point B@twe^ this point ^d £ulur®, 
elongation of up to 40% at a relatively constant stress level provides its high-ductility. This 

m 

behaviour produces very imticeable caracks m concrete structures a2( they b^n to fail and is 
an essential life savirig diaracteristic; the eariy warning allows fi^r evacuation bf the structure 
before complete failure. 

Steel, however, has the major drawback of susceptibility to rust particularly in salty or 
chemically lathed environments. Sea shore structures, and those in cities where salt or 
chemicals are used to deal with ice and snow accumulation on roads, bridges and garages are 
typical structures that suffer from such a problem. The cost of repairs of rusted reinforcement^ 
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in concrete structures is veiy Mgh and repairs are quite disruptive^ As an alternative to steel, 
pol3pier-based solutions have been considered. One possible solution is to iise a monolithic 
polynmr rod vfhose elastic modulus and yield strengdi mstah that of sted. At present there 
are no polymers that have achieved these values in rod similar in diameter to that of existing 
sted rebars. There are continuing improvemrats in the medianicid properties of such large 
diameter rods (recently the elastic modulus of polyethylene rods has mcreased form 1.0 to 20. 
GPa as a result of new proces wig techmques). It is quite conceivable that additional chai^ges 
in processing could increase the elastic modulus of polymeric rods to match that of steel, i.e., 
200 GPa. In the meantime msyor research efiforts have identified Fibre.Rdnforced Polymers 

(FKP) as candidate materizds for re-biM^ At presrait, carbon, anunid, and glass fibres are 

• * . • 

typically used to reinforce a polymer matrix to form the re-bars. 

One of the nuyor advantages of using fibre composites as matmal for components is 
their design flexibility. In the most general sense this means that a designer may take 
advantage of the high streqgth, high modulus reinforcuig fibres by alignmg them in the matrix 
along the principal stress directions. Sbice re-bars in concrete are located to take primarily 
tensile load, fibres in FRP re-bars are aligned along the angle prindpal stress duection, the 
longitudinal axis, of the re-bar. 

While FRP re-bar@ can matdi the strength, moduhis^ m& mnsr&j^r&'h^T bonding 
requ]i:einents» howev^, they suffer fi-om a lack of diictiliQr (% eloiigation at failtu-e): This 
would also be true for the monolithic polymer rods described previously. 

Due to the absence of FRP le-bars with adequate ductility* one new approach by 
others for the design of concrete structures is being developed. In this approach, the FRP re- 
bars wUch are the tensile force carriers are over-designed by applying an excessively large 
factor of safety to the ultimate strength and changing the initial failure criterion to concrete 
crushing in the compresan^e r^on. This approach is costiy, and accordingly, an aim of the 
present invention is to; devdop FRP re-bars with mechanical properties that are similar to 
those of tnaditiond stedi r®-bgir@. In this c^ th@ ds^ign ^prosch (mA cod®s) would not need 

• • • 

to be chaiiged. 

Several research publications and patents dealing with FRP re-bar ductility issues 
liave appeared over the past fow years. The most common .approach used to produce hi^ 
'"ductility" FRP re^bars.whose stress-strain bdiaviour matches that of steel is to inanufacture a 
hybrid FRP rod using several types of fibre with varying strength and strain to failure values. 

The first such endeavour is attributed to Bunsell and Harris where in their 1974 
publication "Hyteid Carixm and Glass Fibre Compoaitesr tfa<^ demonstrated '"psecndo 
• ductility" characteristics for a hybrid bar made of alternating laminates of glass arid carbon 
fibres. In gen^, hybrid FRP re-bars are currentiy made using three types of fibre. Carbon 
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fibres are almost always Used to provide the elastic modulus equal to that of steel. E-Olass 
fibres are commonly used to provide the ductUilty. Animid fibres, such as Kevlar, are also 
used as a third fibre type that has a modulus in-between the moduli of carbon and glass and a 
stram to fiiilure greater than that of glass fibres. As a hybrid re-bar is loaded, the carbon fibres 
fell first between 0.2 and 2% strain, the load is transferred to the glass fibres which eventually 
fail at about 2.4% straui, where upon the load is transferred to the aramid fibres and results in 
a total strain to fiuhire of the FRP re-bar of about 3.5%. The characteristics of these fibres 
tog^er with those of steel and concrete in tension are shown in Figure 1 . Appropriate 
amounts of the different fibres are used in the composite re-bar so as to achieve the required ' 
strength, modulus, and relatively constant stress up to ftilure. Unfortunately, the maximum 
ductility is limited to the highest ultimate failure stram of the selected fibres, typically 3.5%. 
A typical stress-strain plot of hybrid re-bars reported in De la Rosa^ C6sar» ''Length Effect in 
Hybrid FRP Re-bars for Reinforced Concrete Applications", M.Eng. Thesis, Mechanical 
Engineering, University of Ottawa, August 2002, is shown in Figure 2. This ^proach was 
initially proposed in 1996 by Arumuga3aamy and Greenwood and patented in 1998, U.S. 
Patent No. 5,727,357. Several researchers have investigated this approach smce then, 
including Manis, P. A., '^Manufacture and performance evaluation of FRP re-bar featuring 
ductility", MS. Thesis, University of Missouri-RoUa, 199S, 77 pa®3s; Somboonsong, W., Ko, 
F JC., and Harris H.G., ''Ductile Hybrid Fibre Reinforced Plastic ReinjB3rcmg Bar for Concrete 
Structures: Design Methodology", ACl Materials Journals, V95, No.6, 1998 655-666, 

A second approach for high-ductility FRP rebars was that proposed by US patent no. 
6071613 (Rieder et al) among others. Their approaches were to inorease the toughness of the 
concrete itself (i^^thout re-bars) by uang short, discontinuous, randomly oriented fibres to 

control the behaviour at crack openings* 

A further approach involves orienting continuous fibres at an angle to the lotigitucUnal 
axis of the re-bar. The fibres can be oriented at an angle to the longitudinal axis of the re-bar 
by processes, such as 2D braidiqg and filament wmding, see, eg. Somboonsong (above); 
Belardi A., Chaiidrashelcara IC, Watidngs, S.E., "Performance Evaluation of Fibre Reinforced 
Polymer Reinforcing Bar Featuring Ductility and Health Monitoring Capability^ ; and 
Belbardi A., Watidngs, S.R, Chandrashekara, K., Corra, J., Konz, B. "Smart fihre-reuiforced 
polymer rods featuring improved ductility and health monitoring capabilities". Smart 
Materials and Structures Vol.10, 2001, 427-431. For these designs ductility is achieved by the 
re-orientation of the angled fibres under load. This approach was proved to be unsuccessfid as 
the maximum failure strain achieved was 2. 1% du0 to the Umited change in the length as the 
fibres are re-oriented. 
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Edwards and D'hooghe in Caoadian PatMt No. 2,396.808 proposes th^ 
composite material where the matrix is thermoplastic in order to take advantage of the its 
flexibility, partioilarly as it is heated. In one of its embodhnents they propose the use of short 
fibres in the thermoplastic matrix as the core of their re-bar. 

The use of short fibres is also done in traditional fibre composites in which increased 
toughness tod ductility is achieved by the puUout of the short fibres Grom a matrb:. The 
fiictional shear stress that exists between the fibres and the matrk can support a trasile load 

• • • • 

at the same time. In theoiy this approach would lead to ductilities of up to 50% if the puUout 
mechanism was equally distributed along.the length of the FRP re^bar. However, it is 
extremely difficult to ensure uniform alignment, uniform bonding unifbrm spacing, etc. at 
the micro-structural level. In addition, there is a very wide range of ultimate tensile strengths 
of the fibres as found m any high strength, brittle materials. Because of this lack of 
uniformity, a failure initiates at a local non-uniform pouit and &ilure propagates from this 
point. Increased ductility is achieved only in that small local region. 

It is tmderstood that the concept of the puUout of fibres can be successfiii in increasing 
ductility if puUout can occur uniformly. This requires that the reinforcing elements have 

■ 

uniform strengths, bond strengths during puUout, uniform alignment, uniform spacing, etc. 
The Appficants have discovered that unifonn strength during puUout can b® achieved by 
ensuring that the frictional shear stress baween sUding elements m controUed. Jhig sUding 
may occur between individual dowels (meso-rods) and matrix or between an inner rod and an 
ov^-wrap. It is essential that the sliding occur dong the length of the re-bar. For re-bar made, 
with discontinuous meso-rods in a polym^ matrix, this requires unifonn reinforcement (at . . 
each cross-section) along the length of the re-bar. The length of the meso-rods must also be 
less than a critical length, L. otherwise tensile faUure of the meso-rod wiU occur rather than 

the sUding at the interface. • 

where L^^ is the critical length of the meso-rod 

ar^ is the ultimate tenale strength of the meso-rod 

r„ is the radius of th& meso-rod, and 

is the fiictional shear strras between a meso-rod and the surrounding matrix 
For the over-wrap case, sUding can be achieved by having the over-wrap discontinuous with 
the discontinuous lengths less than the critical length for the inner rod/over-wrap system: 

« 

m 

-4- 



« 
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Jj — ^ r 



(2) 



where L^^ is the oitical length of the over-wrap 

■ 

is the ultimate tensile strength of the inner rod. .and 

is the Motional shear stress between the inner rod and the over-wrap. 

In one broad aspect the piesoit invention rdates to a rdnfbrcang rod conqirising an 
innw rod of a first material, and ah outer over-wrap of a second material, said ov^-wrap 
b»ng stnicturaUy discontinuous relative to and inner rod. 

The inner rod can be made fiom a monolithic polymeric material or a fibre composite 
material consisting of fibres and a polymeric matrix. The outer layer is preferably an over- 
wr^ of a fibrous material set in a polymeric resin matrix. The fibrous material is selected 
flxMtt the group consisting oif ooandc matoials inchiding carbon fibres, glass fibres, 
particularly E-glass fibres and the group of polymeric fibres, sudi as aramid fibres and 
polyethylHie fibres. Metallic fibres may also be used.. The resin may be selected ftom the 
group of thotnosetting resins such as qpoxic^, polyi^ters, and viM ©st^ snd idnyl.@steis 
and/or thermoplastic resins, such as i^lon or polyethylene and polypropylene. 





W 


II 


M 



sq)arating fiill strength lengtibs of the over-wrap. That is, the zones of weakness may be 
foimed by mechanically removing a portion of the.second layer after it has been applied to the 
innw rod. However, the 2x>nes of weakness may be addeved by short, spaced apart loigths of 
saiid mner rod having no over wrq) over same. 

A zone of weakness may also be inbx»duced In a continuos over-wrap usuig annular 
sections of a low ooefiENaoit of fiiction matoial (fi)r example, polytetraflouro^faylene) that is 
placed around the inn^ rod at vmous pdnts along th® inner rod (Figure 3b). At any cross- 
section of the r©-b§r, the tosd is being carried by the inner rod (in tensimi) srad die 
over-wrap m shear at the mterface betwe&n the over-wrap and the mner rod. Since minimal 
.shear load.transfer will occur in the portions with the low fiiction material, the load nonnally 
carried in shear at the interfiux will be transferred to the over-wrap as an increased tensile 
load. This win result in tensUefeihueofthe over-wrap, i.e., a aone of wMkness. 
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In a prtfeired embodiment, the inner rod is a cylind^ having radius and an ultimate 
tensile strength The fiictional shear stress after original bond Oahm between the inner 
rod and the over-wrap is and the over-wrap is comprised of structurally discontinuous 



portions havmg a maximum lenigtfa L^^ , wherein 



Preferably, said radius r is in the range of l-30mm and said length is in the range 
of 1-1 50 cm. 

More preferably, raduis /* is in the ratige of 3-8 mm. 
More preferably, radius r is m the range of 4-6 mm. 

« 

Optimally,' radius r is m the range of 4-5 mm. 
. A fimctionally determined radius r is 4.S mnt 
The length L^^ may be in the raoge of 10-20 on. 

• • 

Moreover, length L^^ ispreferablyin the rang© of 12-1 Sxm. 
A functionally detemuned length L^^ is about 15 cm. 

* 

In another broad aspect, the present invention relates to a method of inducing pseudo- 
ductility in a fibre reinforced compoate inner rod, said inna* rod comprising a solid core and 
a fibre reinforced polymeric resin over-wrap on said core, said method comprising 
structurally interraptke s.aid over-wrap at spaced apart locations. 

The ov^-wrap may be applied as a resin impregnated fibre braid. 

The over-wF^p msy be applied as a tesin impregnated fibre yam, unicfirectibnal tape or 

woven &hric tape heliqaUy wound on said core. 

Advantageously, the over-wrap is structurally interrupted by beu^ cut in sjpaced apart 
annular rings or a continuous helical pattern. 

The method of the present invention comprises the steps of i) providing an inner rod 
comprismg solid core of a monolifiuc polymer or a fibre reinforced polymer, ii) applymg 
bands of nuiterial having low-fiictional shear stress at spaced apart locations on said solid 
core; iii) applying a fibre reinforced polsrmeric resin over-wrap over the banded core, whereby 
^ said bands of low IBictional shear stress material structurally separate zones of over-wrap 
bonded to said core. 
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In the method of the present uivention, the inner rod is prderably a cylindrical rod 
having radius and an ultimate tensile strength the factional shear stress after bond 
failure between the inner rod and the over-wrap is r„ and said over-wrap is comprised of 

* * 

structurally discontinuous portions liaving a maximum length L^^ , wherein 



Co ^ 



In an advantageous embodiment, the re-bar comprises at least three materials, at least 
two of which are present in structurally discontinuous lengths. The composite may comprise a 
polymer matrix having embedded therdn structurally Ascrete meso-rods of length L^^ with 



radius r^ ultimate and tencale strength G^, the fricdonal shear strength between a meso-rod 
and the polym^ matrix being represented by -wherdn 



Moreover, the stnicturaOy discrete meso-rods pi'eferably comptise a plurality of meso- 
rods eadi with a radius less than half that of the composite rod The structurally discrete 
dowels may comprise a plurality of eloqgate meso-rods breakable by a tensile load 
substantially less than the ultimate tensile strength of each meso-rod, at predetermined 
weakened locations along the dowels. . 

It will be understood that the ends of the discrete meso-rods, or the predetermined 
weakened points in the elongate meso-rods will be randomly di^buted, so that @®veral 
meso-rods do not end at the ssime point, which would 1^ to a wealc, rdativdy unreinforced 
area of matrix. 

* • 

Zr. is preferably in the range of S-30 cm. 

in 

is more preferably in the range of S-2S cm. 
L^^ isevenmorepreferably intherangeof S-20 cm. 
L^^ isyetmorepreferablyintherangeof 10-15 cm. 

is most preferably in the range of 1 1 - 1 3 cm. 



I 
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^ci. is optinialiy about 12 cm. 

r„ is preferably in the raqge of 0.5-4:0 mm. 
is more pi^erably in the rapge of 0.5-3.0 mm. 

r„ is even more preferably in the range of 1 .0-3 .0 mm. 

r„ is most preferably in the raqge of l.S-2.5 mm. 

r„ is optimally about 2.0 mm. 
The meso-rods may be made from a material selected from the group consisting of ceramic 
materials including caibon fibres and glass fibres. 

The polymer matrk may be sdected fix>m the group consistmg of thennoset resins 
induding q>oxies, polyesters^ and vinyl esters^ and thermoplastic resins includiiig nylons^ 
polyethylene, and polypropylene. 

The rduifordng rod of the pres»t invention that conqsrises meso-rods embedded in a 
polymer matrix has also got significant utility as a structural member, especially for 
applications under tension. 

In drawings which illustrate the present invention by way of example: 

Figure I is a typical tensile stress-strain curves for steel and fibre composites; . 

Figure 2 is a typiod load-displacement curve of a prior art hybrid FRP re-bar; 

Figure 3a is a sid® cross-sectional vi@fw of & first construction of © first @mbodimeiit of 
the present invention. 

Figure 3 b is a side cross-sectional enlarged view of a second construction of the first- 
CTibodiment of the pres^ invration; 

Figures 4a and 4b are longitudinal and transverse schematic cross-sectiimal views^ 
respectively of a mesa-rod composite r&-bar adsording to a second ^nbodiment of the present 
invention; and Figures 4c and 4d are detml cross sections through line ^ ui Figure 4a of two 
preferred embodimmts of meso-rod oonstmction; 

Figures 5b, and Sc, respectively are schematics of k inner rod/over-wrap puU-oui 
test, over-wrap/potting resin pull-out test mid over-wrap/concret© pull-out test; 

Figure Sdi@ the ^hemticafa typical pull-out tsst; . . 

Figure 6 is a load-displacement curve for the inner rod/over-wrap pull-out test shown 
schematically in Figure 4a; 

Figure 7 are fiictional load-displacement curves for the three tests shown 
sdiematically in Figure 4a, 4b and 4c; 

Figures 8a and 8b are two schematics of failure mechanisms; 

Figures 9a and 9b are load-displacement plots fi^r examples CTibodying the present 
invention to a lesser and greater extent; 
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Figures 10 a and 10b are side cross-sectional .schematic views of a single meso-rod 
and a mesb-rod puU-^iut test; 

Figure 1 1 load displacement curves for three meso-rod specimens. 

* 

Referring now to Figures Sa to Sd, in preparatoiy investigations leading to the 
development of the present invention, for a specific set of manu&cturing parameters aiid.. 
materials, the inter&dal fiictional shear stress after original bond fidlure of the inner 
rod/over-wrap interface was estimated to be approximately 10 MPa. As part of a failure 
investijgatiQn undertaken, the inter&dal fiictional shear stress after original bond failure of all 
. of the appropriate interfiices for the chosen manufacturing parameters, materials, and surface 
preparation, were deternuned. Figure 5d shows a sdhematic of a typical puilout test. The 
dimensions for the specific pull-out tests betweoi the over-wrap and the inner rod, the over- 
wrap and the potting resin, over-wrap and concrete are shown respectively in Figures Sa^ Sb, 
and 5c. As shown in Figure Sa, the over-wrap was cut and the outer surface of the over-wrap 
was abraded to ensure the proper tQterfiice fiulure. Hie end of the rod was coated with a 
silicone release agent to remove that contribution fi'om the load measurement. The load- 
displacement curve is given in Figure 6. After initial bond failure, along the embedded leqgth, 
the load due to fiiction at the inter&ce decreases as the embedded length decreases. With 
refermoe to Figure Sd, the inter&cial firictional shear stress is calculated usiiiig the following 
relationship: 

P 

Where (/- A ) is the embedded length. 

Appropriate embedded lengths were selected in order to obtain the desired feilure 
during puUout. The fiictional sliding part of the load-displacement curves (based on the 
(Umensions given in Figures Sa, Sb and 5c for the inner rod/over-wrap interlace, over- 
wrap/potting resin inter&ce, and over-wrap/cohcrete interfsice are given in Figure 7 for 
comparison purposes. An average fiictional shear stress for the inner rod/ov^-wrap interfkce 
of 9.6 MPa was determined. The fiicdonal inter&ce stress of the over-wrap to potting resin 
interface wss found to be 7 A MPa. The final inter&ce was that between the over*wrap and 
concrete. For this interface the average shear stress was found to be 6.8 MPa. The ordering of 
the magnitudes of the tensile loads due to the fiictional shear stresses is correct in that the 
over-wrap ta concrete and the over-wrajp to potting resin stresses are greater than for the inner 
rod to the over-wrap. These values confirmed the typical failure modes of over-wrapped FRP 
re-bats as well as the potting length of grips specified for testing of FRP re-bars. 



I 
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According to a first embodiment of the present invention, fibre composite re-bars 
were designed, fabricated and tested in order to validate the proposed novel pseudo-ductile 
FRP re-bar. One variant of these prototypes Is shown in Figure 3a. 

The selection of materials for the inner rod 1 and over-wrap 2 is a matter of choice for 
one skilled in the art, given the teaching of the present mvention. However, the inner rod will 
generally be selected from carbon fibre/polymer matrix composite, glass fibre/polynier matrix 
composite, or aramid fibre/polymer matrix composite or monolithic polymer. The fibre over- 
wrap 2 will generally be of the same choice of materials as the inner rod. The polymer matrix 
could be a thermosetting polymer such as epoxy resin, polyester resin or vinyl ester resin or a 
thermoplastic resin such as nylon, polyethylene or polypropylene. The monolithic polymer 
would Qrpicaily be a thermoplastic polymer. The over-wrap is removed for instance by 
mechanical cutting (or simply by not having been applied) at spaced apart locations 3 
separated by lei^gth L. Calculation of L is explained below. 

One major issue related to the tensile testing of the re-bars was the choice of gauge 
length of the specimens. It was suspected that the unbonded length used in many standards 
(-500 mm.) was not representative of the situation in cracked concrete where a typical crack 
would be noticeable at about 0.5 mm and could grow for the case of steel reinforcement to a 
width of about 50 mm. The various standard t@st specificsitions call for ^ minimum embedded 
length in the testing grips of stpproidmateiy 250 mm in order to ensure re-bar tensile &ilure in 
the unbonded section and not shear &ilure in the grips. 

Tetisile testing of the prototype re-bar specimens showed two distinctive types of 
Mures. Scherhatics based on longitudinal slitting of the failed prototype specimens after 
testing are shown in Figures 8a and 8b. The first type pertains to the first examples where the 
inner rod fidled after sliding over a length with respect to the over-wrap. This is shown 
sdiematically in Figure 8a. The fiictional shear force provided by the interface in this case 
was gauged to be comparable to the tensile force c^abiU^ of the inner rod. The second type 
of failure pertdns to th© second set of prototypes where the overrwrsp h^ breal^ in it, thus 

* 

reducing the fiictional shear force between the inner rod and the over-wrap in comparison to 
the inner rod tensile force capability. In these prototypes the inner rod did not break, it 
continued to slide out of the over-wrap until the test was stopped. This is shown 
schematically in Figure 8b. The load-displacement plots showing the two types of prototype 
Mures for gauge lengths of SO mm (typical of a large crack width) and 0.5 mm (typical of a 
small (^ack width) are presented in Figure 9a and 9b respectively. All the plots exhibit jagged 
load variations associated with the inner rod sliding out of the over-wrap. This phenomenon * 
is attributed to fiiction (dry or static fiiction) between the sliding sur&ces. 



-10 
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. In the example of a preferred embodiment illustrated in Figure 3a and 3b, then, the 

length L^^ of sections of over-wrap that are separated by serrations or other weakened 

■ • 

sections will satisfy the equation: 

* • 

cr r 

The lengths of structurally complete secdons of ov^-wrap can be separated by 
annular cuts, spiral cuts, chemical abrading, or any other means selected by one skilled in the 
art. 

■ 

A preferred method of isolating structurally complete sections of over-wrap, eg. 
braided over-wrq}, is shown in Figure 3b. In the re-bar shown in Figure 3b, the core i is 
made from a fibre/polymer matrix composite, and the ov^-wrap 2 is braided. However, at 
locations spaced apart by length L calculated as above, along the length of the core, the core 
is wrapped with polytetrafluoroetbylene (Teflon) tape 1 1, so that there is no adhesion to the 
inner rod by the over-wrap at those spaced BpBXt locations. Therefore, IBrictional shear stress at 
those locations will be ess^tiaUy ^ro. 

The pseudo-ductile performance of the Figure 3a and Figure 3b re-bar will be virtually 
identical. That is, local cracks in concrete will tend to cause ori^nal bond fiuhire between the . 
over-wrap and the inner-rod in discr^e sections of over-wrap of length JL adjacent die cradc 
At the spaced apart weakened locations 3/1 1, the over-wrap will break, but the iimer-rqd will 
remain mtact. Increases in load at the crack site, eg. m the case of an earthquake, may cause 
fiirth^ structurally discrete portions of over-wrap to debond from the core, in a pattmi 
radiating away from the crack. Until complete fiulure, thbi^gh, the re-bar will remam bonded 
to the coricrete at regioiis away from the cracked region, and even after failure of the bo^^ 
between the over-wrap and iimer rod along the entire length of the iimer rod will resist 
collapse because of the friction between the unbonded over-wrap and tibe iimer rod. 

As an example of a design case a high ductility ll.S mm FRP re-bar with a single • 
itmer rod with a diameter of 9.S mm and a 1 mm over-wrap, , assume that the mechanical 
properties of the designed re-bar is required to match those of a standard steel re-bar (i.e. 
elastic modulus E=200 GPa, yield strengtii 0^=600 MPa, and a very high local ductility at 
local cracks). The iimer rod will be ftbticated usmg carbon fibre in a matrix t>f typical epo^qr 
rean (E=3.5 GPa, and a„=100 MPa). 

In order to determine the type of carbon fibre to use in order to achieve a re-bar with 
elastic modulus £^=200 GPa (matching that of steel), assume that there is no contribution to 

-11- 
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the elastic modulus from the over-Wrap (typically Ies3 than 10%X and that the fibre volume 
flection in the hmer rod is between 50 and 65% (typical range for many unidirectional fibre 
composite components). 

■ 

Since the elastic modulus in primarily a linear fimction of the elastic modulus times 
the fibre volume firaction, the range of elastic moduli of the fibres is Eyr=3b0 to 400 GPa. For a 
typical carbon fibre of apprcndmately £^300 GPa (Toiyaca M30) the exact volume firaotion 
includiQg the contribution fiiom the matrix is calculated usuig the Rule of Mixtures method; 

E,=E^V^+E„{l-V^) (8) 

Substituting for in the above equation, the volume fiacfion of the fibre ui the- 

composite is fi^und to be 

Again, using the Rule of Mixtures method the ten^e strei^gth of the carbon 
fibre/epoxy re-bar can be obtained as follows: 



cr,=o>P>+<r;(l-F^) (9) 



where Q„' is the stress in the matrix at fibre failure ('-1 00 MPa) 

Substituting for tSj^ a„' and V^in the above equation, the tensile strength of the FEUP 



K 




l3 


III 



it will not fidl in tension prior to sliding at the int^r&ce. 

An over-wrap length less than the critical leAgth calculated usin^ the following 
equation will result in shear fiilure (sliding against a fiiclional shear stress) at the interface ' 
between the inner FRP rod and the over-wrap. This mode of fiuture is the desured one, as . 
compared to inner rod Mure m tension. 

m 

L.-—^ (10) 

In the above equation, is found e7q>erimentally. For the materials, the 

manufacturinig, and the curing methods used to produce the sample prototypes, is fi>und to 

be 9.6 MPa. Substituting this value and those for a. and r. the Critical length is fiaund to be 
1.32 m. 
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A 9.5 mm diameter FRP rod with a pseudo-yield stress of 0^=600 MPa should tiave a 
load canying capacity {O^^ of 42S08 N within the elastic r^me. Beyond that Ipad, the rod 
should exhibit a ductile behaviour, iii this case by the sliding of the over-wrap relative to the 
FRP inner rod That is to say that the shear load between the FRP inn^ rod and the over-wrap 
. should be able to withstand-a tensile load of42 508 N. This shear load 18 gwm by: 

Shear load = Inr^x^ 

Substituting for the shear load» in the above equation, gives an over-wrap length of 
1-0. 15m that can carry the shear load before shear fiulure between the ova:*wra|> and the 
FRP inner rod takes place. This is less than the calculated critical length of L^, so it will 
exhibit the desired psmido-ductile behaviour. 

Thus the high ductility rod will Imve discontinuity in the over-wrap with the over- 
wrap segmmts having lepgths of 0. 15 m each. 

The second preyed embodiment of the present invention involves the use of aligned 
meso-rods, so called because of thdr intmnediate aze. 

The initial work on this concept focussed on tising model specimens in puUout tests. 
As in the previous concept, control of the interfacial fiictional shear stress between the sliding 
surfaces is of utmost impprtsince. In this case however, becmise of the sisse and number of tlie 
mesa-rods, their homogeneity of @i^ and sur&ce con^tt^qr is pg)ramouni'. As proof of 
concept, ground, and dimensionally accurate steel dowel pins were used. These were 
embedded in vacuumed epoxy resin. The resin was cured at room temperature for one day; a 
completed specimen is shown in Figure 10a. Since the resin was relatively transparent it was 
also posdble to confirm the fimdamental concept of the approach in that the initial bond . 
fiulure occurred at the ends of the meso-rod ai^ then progressed towards its centre. Once the . 
origmal bond had &iled all along the leqgth, one-half of the meso-rod started to puUout of the 
matrix socket against the fiictional shear stress (Figure 10b). The load-extension curves are 
shown in Figure 1 1 for three spedmsns (apedmens 2, 3, & 4). The fiictionsal ^ar stress 
develops due to tiie contraction of the resin around the sted rods w a re^t of chemical 
shrinlcage of the resin during polymerisation. The results for the three specunens are vety 
similar indicating good repeatability between casting runs. The results are also similar in 
nature to those obtained from the poU-out tests shown in Figure 7. Also induded in Figure 1 1 
is the curve fi^r a specimen in which an elevated temperature epoxy resin (cure temperature 
1 10 degrees C) was used. It is clear that, as ejected, additional fiictional shear stress results 
firoih the resin thermally shrinking around the dowd pin. Other values of frictional shear, 
stress can be obtained ushig otho* resin types and other cure sdiedules. Thus, it is possible to 
obtain the desired failure of fi*ictional shear stress (the most critical parameter) for tiie 
appliceition. 



II » 



CA 02444408 2003-10-06 



A ilill-size re-bar 4 incorporating meso-rods 5 consists of a number of fibre composite 
meso-rods (multiple meso-rodsX staggered along the length of the re-bar, encapsulated in a 
second polymer matrix 6 as shown iii.Figures 4a and 4b. The indhdduai meso-rods could also 
be continuous rods that are. almost cpmpletely cut through. Two different ways to provide 
condnuous rods that are almost cut through are shown in Figures 4c and 4d. The small 
amount of continuous fibre composite which can be located at any pouit in the cross-section 
aids in afigning the meso-rods along the axis of the le^bar during the manufiicturing process. 
Tensile lailure will occur at the reduced cross-section points at low values of tensile load 
. Due to the reduced elastic modulus magnitudes in discontinuous fibre composites, it is 
derirable to have some continuous fibre composite material along the entire length df the re- 
bar. This may be provided by the conttnaous composiie referred to previously. 

The foUowiog is an example of ja high ductility composite multiple meso-rod re-bar, 
1 1.5 nun outside diameter, with properties sunilar to thos? described above in relation to FRP 
inner rod/over-wiap ie-bar discussed in tiie previous embodiment, that is^ an dastic modulus 

in the E=300 C3Pa range, yield stretch m the 1^^600 MPa range, and high local ductility. 

The te-bar uses an epoxy matrix with an ell»tic modulus of B»3.S GPa, the stress a„' ' 
in the nmfrix at fibre Mure being 100 MPa. 

Sino^ d^^c modulus will be reduced due to th® us© of discontinuous meso-rods as • 
compared to coiitinuous meso-rods and elastic modulus increase with fibre volume fi-action, a 
fibre vohune fi^action at the fai^ end of the practical range fi:>r munifiu^uiing will be chose, 
namely V/=0.65. This, is accomplished with 22 nieso-rods^ each.bf 2 mm diameter at any 
cfoss-sectioa Again, m order to maxunise the elastic modulus of the individual meso-rpds, a 
high modulus carbon fibre should be selected. For example, Torayca M40, with GPa 
axxd arfnoo MPa along with a high fibre volume fraction within the meso-rod, namely 
V/0.65. 

Since the re-bar is to carry the same losid (Le,, de^gn cmp^ty) as the inni&r rod with 
over-wrap concept, i.e. 42S08 N, thexequired load cap&city per msso-rod h 1932 N. 

» 

- For a constant fiictional shear stress, along tiie length of the meso-rod, the load in 
the meso-rod increases linearly Scorn the end For a load of 1932 N to be carried oyer onerhalf 
the length of the meso-rod, the load.at mid-point of the meso-rod must be twice the average 
value, i.e., 3864 N. 



• 



-14-. 



4 » 



GA 02444408 2003-10-06 



The length of the meso-rod is calculated as follow: 

3864 -2«rrt(/;/2)T, 

= 2jt(ixI0-'K/»/2X 
4 = 0.12m 

Where T„ was measured experimentally. 

« 

Thiis, 22 meso-rods of length 0. 12 m are required to provide the load capability of 42,S0S N. 

In ord«r to ascotain that individual meso-rods do not Ml in traision before fiiting in 
shear, assume that the uhinute strength of m«K>-rod in tension: 

or,=0/V/NT„'(l-V^ 

= (1700 X 10«)(0.65) + (100 X 10^1-0.65) 
-1140^DPa 

a 

Load in meso-rod at ultimate streqgth: 

= (1 140 X io«Xn/4X2.o X io-»)' 

= 3580N 

This is much larger than the load at which the interface sliding will take place, i.a, 1932 N, 
therefore^ the meso-rods will not &il in tension prior to iitfer&cial slidinig. 

Finally, the elastic modulus of the re-bar with multiple me^o-rods can be calculated 
using an accepted formula (Halpin-Tsai) for the ehistic modulus of discontmuous fibre 
composites. As noted above, the elastic modulus is a linear fimction of the elastic modulus 
times the volume, for each constituent. In the present case, with E»3.5 GPa for the epoxy 
(volume firaction of 35%) and E==400 GPa for Torayca M40 (volume fiaction of 65%), the 
overall elastic moduhis ivill be 216 GPa whidi is dose to the desired v@hae of 200 GPa. 
Bsact vdues of elsiBtic modulus com be ad]i@vi2d by alteripg the fibre volume fiiactioa 

The pseudo-ductility concepts of re-bars proposed here can also be conceived through 
a number of alternate designs other than those shown in Figures 3 and 4. Any arrangement 
that provides for a controlled and gauged fiictional shear stress between a medium anchored 
to the concrete and an umer rod that can sustttn tensile loading wou^^ 
arrangement shown in Figure 3a the inner rod is anchored to the concrete by thebraided over- 
* wraqp fibre bundles white braidmg, using a different type of resm (whether thermoplastic or 
thermoset), or through sut&ce preparafion of the hmer rod. In a suxular manner, the control of 
the factional shear load between the meso-rods and the surrounding matrcc can be achieved 

« « 

« 
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by changing the material of the mesb-rods, the surrounding matrix and its cure schedule, as 
well as hy the suriace preparation of the meso-rods. . 

For the case of the smgle FRP inner rod,.the tensile force capability of the rod must be 
higher than the ultimate tensile force required, while the fiictional shear force capability 

« 

between that iimer rod and the segments of the over-wrap must be gauged-to be at the tensile 
load for the yield strength required. When the load at a section of the pseudo-ductile re-bar . 
exceeds the yield load, sliding occurs, thus providing the pseudo-ductiliiy effect This is the 
case portrayed in Figure 8b. If the fiictional shear force c^abiliCy between that rod and the 
segments of the over-wrap is close to the ultimate tensile force capability of the single inner 
rod, the case shown in Figure 8a may occur. 

It should be emphasised at tMs point that while braiding was used to produce the over- 
wrap, oth^ means can also be utilized. Wrc^ping of various types of strips on an rasting 
inner rod is one such approach. Furthermore, while a serrated over-wrap was used to limit the 
interfadal factional shear force at a segment of the inner rod, other means like a helical wrap 
would produce a similar efiEect. 

The primary use of the reinfordng rod of the presera invention will be in remforcing 
concrete structures, where it will take the place of sted. Other uses will be obvious to one 
. skilled in the sirt, and indlud© in^nforcement of csma tunnel mA stops cdling md waOs, 

■ 

espedlally in corrosive environments, post tensioiuiiig of lightwdigbt beams, fabrication of 
automotive and rolling stock chassis^ airfiwnes and the like. It will be understood, moreov^, 
that the large mcyority of alternative uses relate to the structurally discontinuous meso-rod 
containing embodunents .of the present inveotioii, smce they do not rely on adheaon between 
the outar sur&c^ of the rod and a surrouiding environment to exhibit pseudo-ductility. 

Moreover, it will be understood that the rod of the present invention need not be 
circular in cross-section. The present invention may be in the shape of other traditional 
structural el^ents^ such as diiptical, I-shapes, T-shapes, L-diapes, U-shapes, box-diapes. It 
is also withia th® scope of th© pros^ invention to utili^ structur&lty or fimctionsJly 
discontinuous me^o-rod^ for instance, in si particular 20m of a structure (^^m@nt. For 

« 

example, it is AAdthin the scope to the present invention to embed a pluraUty of structurally 

« 

discontinuous meso-rods m the base of an extruded diunmum I-beam, thereby strengthening 
same, and providuig a measure of pseudo-ductility to same. 

Moreover, it will be understood that an additional application is in increasing the 
toughness of structures where toughness is measured as the work done (energy absorption) in 

* 

separatif^ two or more parts of a structure. 
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THE EMBODIMENTS OF THE INVESmON IN WHICH AN EXCLUSIVE PROPERTY OR 
PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS: 



1. 



2. 



3. 



4. 



5. 



6. 



7. 



8. 



9. 



iO. 



11. 



12. 



■ 

A re-bar (reinforcing rod) &r concrete comprising an inner rod of a first material, and an 
over-map of si seccmd material, said oi^o^fraq) being 
discontinucnis rdative to said inner rod. 

A reinforcing rod as dauned in claim 1, wherein said inner rod <somprises a rod made fioma 

m 

matmal consistinig of a polymeric material or a polymeric matrix and reinfoitiqg fibre* 

A reinforciog rod as claimed in daim 1 or 2, wherein said over-wiap is apolymeric material 

or a fibrous material set in a polymeric matrix. . 

A reinforcifig rod as claimed in claim 3, wherein said fibrous material is selected fit>m the 
group consisting of ceramic materials inclndtng carbon and gjass fibres, polymeric materials 
siich as arainid and pdyetfaylene^ and metallic materials, like steel. 
A reinfordng rod as claimed in daim 4, wheiein said resin is sdected fiom the group 
consisting of thermos^ resins sudi as epoxira, polyesters, and vinyl esters, and thermoplastic 
resins such a3 nylon, polyethylene, and polypropylene. 

A reinforcing rod as claimed in daim 3, 4 or 5, wherein said over-^wnap induct zones of 
weakness separating foil strength lengdis of said o^ito 

A reinforciiig rod as daimed in daim 3 , 4 or S , wherein said m&r-imap iodttdes zones of low 
fiicttonai shear stress between the over-wr^ and the hmeir rod intersper^ amontg high 
firictional shear stress zones. 

« 

A remforcing rod as daimed in d ium 7 wherdn said low firictional shear stress zones are 
achieved by application of a layer of low fiicdon material on said iimer rod at said zones of 
low frictional shear stress^ and said over-wrap covers said low fincticnal .material. 
Areinfordii@rodascteimedinclaim6 whereinsaidsonesof weab^^ ' 
mechanically removing a portion of said owr^^^^irr^ sSer it has been spplisd to said inn^ rod 
A reinfordi^ rod claimed in claim 6, wherein said 2one@ of wea^ess are defined by short 

m 

spaced apart lergdis of said inner rod having no outer-wrap over same. 

A remforcing rod as daimed in daim 6 wherein said zones of wrakness are defined by local 

■ 

shearing of polymer over-wrap. . . 

A reinforcing rod as daimed in any one of claims i to 10, whmin said inner rod is a 
cylindrical nxl haviqg radius and an ultirnate tensite strepgA shear stress 

aft^ bond&ilure b^ween tfie iimer rod and the over-wrap is i^ and said ov^-voap is 

comprised of structurally discontinuous poitions having a maximum length , wfaerem 
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■ 

13. A rod as claimed in claim 12, wh ere in said radius r is in the laqge of l-3(hi^ 

14. A lod as claimed in claim 12, ivkstein said ktigth i^ 

15. A rod as claimed in claim 13 or 14, wheidn said radius r is in tbe 1B1% 
• 16. A rod as claimed in claim IS, viieiein said radius r is in the 

17. A rod as claimed in claim 16» wherein said radius r is in Ifae range Of 4-S min.. 

18. A n)d as claimed in claim 17, wher^ said radius r^^ 

19. A rod as claimed in any one of claims 13 to 18, wherein said ienigtfaX is in die ratige of 10-20 
cm. 

20. . Anxi^daimedinciaiml9,i;rfiereuisaidlei^£i 

21. A rod as claimed in 20, wherein said leiQidi £ is ahout IS cm. 

22. A method of iffdugi«fi pseudo-ductility or toughness in a fibre reinforced composite rod, said 
rod conqprising a solid core and a fibre reinforced polymeric msun over-wrap on said corei, 
said method conqirisiflestracturally inlerniptiQg said over-wrap at spaced apart locations. 

23. A method m daimed in claim 22, whsrsm sdd oyer-T^nrop is e^plied as a resin impnsgKsatM 
fibre braid. 

24. A method as daimed in daim 22 or 23, wfaer^ 6atd- ovo'-wrap is appUed as a resin 
impregnated fibre yarn, umdifectionai tape or woven fiibric tape helicaliy wound on said 
core. 

25. A meUiod as daimed in daim 22 to 24, wherein said over-wi^ 
beuig cut m spaced apart annular liqgs. 

26. A method as claimed in daim 22 to 24, wherein said ov^-wmp is structurally interrupted by 
being cut in a continuous helical pattern. . 

27. A m^od dsimsd in daim 22, comprteuig th;^ steps of 

i) providiog an inner rod conqprisipg solid cor@ a fibro rein&rcsd polymer 

ii) applying bands of materisd having low fijcfidial shw stress at spaced ajpart locatiotis 
on said solid core 

iii) applyinig a fibre rBinfi>roed pciymerlc resin over-wrap over the banded core, • 

•wfamby.said bands of low firictiGnai diear stress material structunrity sqxarate zones of over- 
wrap bonded to said core. 

28. A method as claimed in any one of claims 22 to 27, vt^terem said solid cons is ai^Ihidrical 

- rod having radius and an ultimate tensile stiengdi die fiictional shear stress after botid 

18 



CA. 02444408 2003-XO-06 



failure betweoi the solid core and the over-iwrap is i;, ami said met-ymp is comprised of 

* 

stnictuiaDy disconfiiiiious porttons havtqg a 



iinum length L , wherein 



<?0 



29. 
30. 

31. 
32. 
33. 
34. 
35. 

36. 
37. 
38. 

39. 

40. 



A method as dainied in daim 28, wheim said radius r b 

A mediod as daimed in claim 28, wherein said loigtfi is in the laqge of 1-150 cm. 



A mdfaod as claimed in daim 29 or 30, wherein ^id radius r is in the range of 3-8 nun. 



Am 
A 



1 as claimed in datm 3 1, TAeidn sdd RuSus r is in die 












A method as dbinied in claim 33, iwlierein said iBc^ mm. 

A mediod as claimed in any one of claims 29 to 34, i^rein said leqgdilr is in the rauige of 

10-20 cm. 

■ 

A meihod as cbumed in clahn 35, iwfaeiein said Jei^ L is 

A method as claimed m 36, wherein said length Ir is about 15 cm. 

A iHinfiymitig mrf csntnpriBitig a ctimpositB of at least two materials^ at least one of iwhioh is 
present in structurally discontinuous lei^g&hs. 

A reinforcing rod as claimed in claim 3S, comprising at least three materials, at least one of 

-which is present in structurally or functionally dtscontumous lengths. 

A remfoicing rod as damted in claim 3 8, wfaerem said conqposite comprises a poIyn»r 

matrix haviiitg embedded therehistnictuially discrete ni^ withiadius 

ultimate and tensile stretiigth cThb^ the frictional shear stress between a meso-rod and the 
polymer matrix being r^resented by ^ wherein 



L ^ 



cr r 



tit 



41. 



42. 



A reinforcing rod as ckuraed in daun 40, wherem said structurally discrete meso-rods 
comprise a plurality of aligned meso*rods that are, axialfy, substantially randomly distributed. 
A rdnforcmg rod as daimed in claim 40, wherdn said structurally discrete xneso*rods 
comprise a plurality of doQgated meso-rods breakable by a tensile load substantially less 
than the ultimate tensile load of each meso-rod, at predetermined weakened locations that are 
randomly staggered, fixim rod to rod. 
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Areixiforcingrodasclaim6dinciaim40. 41or42, whm is in the rang^ of 5-30 cm. 
A reinforcing rod as claimed in claim 43, wherein Zr. is in the range of 5-25 cm. 



A lemforcit^ rod as claimed in claim 43, wherein L„ isintheraxiigeof 8-20cm. 



A leinforciiig rod as claimed in clann 43, wherein in the range of 10-15 on. 
A reinfincit^ rod as claimed in claun 43, whor^m isintherangeof 11-13 cm. 

A reinforcing rod as daimed in claim 43, wl^reiri L^^ is optimally about 12 cm. 

A reinforcing rod as claimed in any one of claims 43 to 49, wherein r„ is in the range of 0.5- 
4.0 mm. 

• ♦ 

A reinforcing tod as claimed in any one of claims 43 to 49, wherein is in the rang^ of 0.5- 

• > 

3.0 nun. 

A leinforcing rod as ebimed in any one <tf claims 43 to 49, wherehi is in the range of LO- 
3.0 mm. 

A reinforcing rod 9S claimed in a^y one of claims 43 to 49, wfaa:ein is in the range of 1^- 
2.5 mm. 

A reinforcing rod as daimed in any one of claims 43 to 49, whsrein m abrat 2.0 nun. 

A reinforcing rod as claimed in any one of claims 40 to 53, wherein said meso-rods are made 

« 

from a material selected fixmi tiie group consisting of cenunic materials including carbon 
fibres and glass fibres. 

A reinforcing rod as daimed in daim 54, wherein said polymer matrix is selected fixnn the 



r 


□1 


1 


III 



Ifaennoplastic resins indudiiDig nylons, poiyetiiylen^ and polypropylene. 

• ■ 

A structural rod comprising a ctnnposite of at least two materials, at least one of which is 
present in structui^y discontinQons l^igths. 

A stmctui^J red daim^ ia daim 56, comprieii^ est least three materials, at Isast one of 
wiiich is presmt in stfuctorally or fimctionally discoatimious leagdis. 

• m 

A structural rod as claimed in daim 56, wherein said composite comprises a polymer matrix 
having mbedded therein structurally discrete rneso-rods of Is^gth L. withjadiu 



ultimate and tensile strength o*^, tfaie fiictionaI.shear stress betwe^ a meso-rod and the 
polymer matrix bdng repres^ited by 1^ wherein 



L ^^^^^ 
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59: ' A stracturd ix)d as claimed in claim S8, \vfaerdn 

conq>rise a pliuaiity of aligned niBSO^fods tbat ate, axially, sufaslantkdiy xandomly distributed. 

60. A structural rod as claimed in claim 58, wfaerdn said structurally discrete meso-rods 
comprise a plurality of elosigaled meso-rods breakable by a tensile load substantial]^ less 
than the ultimate tensile load of each mesonrod, at predetemiined weakened .locations that are - 

* • 

randomly staggered, fiom rod to rod. 

61. A structural rod as claimed in datm 58, 59. or 60, wherein X. is in the rang^ of 5-30 cm. . 

62. A stnlctl^al rod as claimed in claim 61, whearein isintheiapgeof 5-25 cm. 

63. A structural rod as claimed in claim 61, wherein is in the rangP of 8-20 cm. 

64. A structural rod as claimed in claim 61, wherein is in the range of 10-15 cm. 

65. A structural rod as claimed in claim 6 1, i?Aerdn isinlberaiitgeof 1M3 cm. 

■ 

66. A structural rod as claimed in daim 61, i^er^ is in ttie rar^ of 12 <an. 

67. A structural rod as claimed in any one of daims 61 to 66, wherein r„ is m therax^e of 0.5-4.0 
nun. 

68. A structural red as cldmed in @uy cm^tkms^ 61 to 66, wiiereiar^ is m tUs r^e of OJ-3.0 

MMMMMMm 

69. A structural rod as claimed in any one of claims 61 to 66, wherein r,„ is in the range of 1.0-3.0 
mm. 

70. A structural rod as clahned in any one of claims .61 to 66, wherrin r,„ is in tite raiige of 1.5-2.5 
mm. 

■ ■ 

71. A structural rod as claimed in any one of claims 61 to 66, wherdnr„ Is about 2.0 mm. 

72; A structural rod as daimed in any one of claims 58 to 71, wherran said meso-rods are made 
fit>m a msifiieriai gdi^teil fimi the group cci^^ 
fibres and glass fibi^. 

73. A structural rsd as claimed in daim 72, herein said pdyiH^ - 
group consii^iAg of thecmoset resins indudiiig epoxies, polyesters, and vinyl esters, and 
thermoplastic resins induduQg tQrlons, polyethylene, and polypropylene. 

74. A reinforcing or structural rod as claimed in any one of claims 38 to 73, having a cross^ 
section that is of a shape selected fiom tiie group consistii^ of chcular, elliptical, oval, 
square, rectangular, triangular, diamond shapes, dog-btme shaped, L-shaped, T-^baped, U- 
shaped, and 5-20 sided polygon shaped. 

75. ^ A method of inducing toughness in a structural element, comprising embeddiiig in Said 
structural elem^ a pluraUty of structuraUy or functtomdly discr^ 
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